Different single-factor models are used to estimate the term structure of Hong Kong Inter-Bank Offered Rates (HIBOR). These models use stochastic differential equations which effectively reflect market characteristics of short-and long-term interest rates, such as capability of mean reversion and interest rate level fluctuation. interest rates, since Hong Kong dollar exchange rate has been pegged with U.S. dollar. In short, during the period of early 2008 to early 2012, volatility of short-term interest rate was extremely sensitive. Obviously, the term structure of interest rate for these two periods had made major shift, combining the two periods would lead to unfavorable econometric results.
Introduction
The term structure of Hong Kong Inter-Bank Offered Rates (HIBOR) is estimated by single-factor models in which dynamic process of economic variables is used as models assumption under normal circumstances in this study. These dynamic interest rate models explain the fluctuation level of interest rate term structure and enable effectively control of the interest rate risk. These models may be applied to assign appropriate pricing to interest rate related products and their derivatives. There are two types of model on term structure of interest rate. The first is equilibrium models built on the basis of "liquidity preference hypothesis theory", while the second is built upon the "expectation hypothesis theory". Both of these two models employ single stochastic differential equation to effectively reflect market characteristics of short-and long-term interest rates, such as capability of mean reversion and interest rate level fluctuation.
D HONG KONG INTER-BANK OFFERED RATES (HIBOR)
Short-term risk-free interest rate is an important variable in the finance sector. Upon making initial assumption on the dynamic process of short-term interest rate, a model on term structure of interest rate can be defined and eventually bond price can be deduced. During the last few decades, there had been many scholars proposing different stochastic processes to describe dynamic behavior of interest rate with restriction on different parameters estimation. In this study, different models are compared to optimize the best estimates for the term structure of interest rates for HIBOR. The models are chosen based on the dynamic process of interest rate which has the feature of non-linear mean reverting and the sensitivity of interest rate volatility to the interest rate level. A typical stochastic differential equation for short-term interest rate is stated as, ( ) 
where μ(r t ) is a drift function and η(r t ) is a diffusion function. This equation can be extended by putting μ(r t ) = (α + βr t ) and η(r t ) = σ t r  and rewritten as:
where r t is short-term interest rate and dW is the increasing rate of Wiener process which is in compliance with the standard Brownian movement. Theoretically, short-term interest rate would revert to the mean value of long-term interest rate, otherwise the variance of short-term interest rate would endlessly increase to infinity, therefore short-term interest rates have characteristic of mean reversion. In such case, the value of β should be negative while the value of α should be positive.
Volatility of short-term rate is a function of short-term interest rate level and γ is the sensitivity coefficient of short-term interest rate volatility to short-term interest rate level. Therefore γ > 1 characterizes short rate volatility which is over-sensitive to interest rate level, while in contrary γ < 1 means that volatility is not sensitive to interest rate level, and σ would not equal to zero. σ t r  in equation (2) represents the volatility of interest rate and γ represents sensitivity coefficient of short-term interest rate volatility to short-term interest rate level. In the past, different models with different restrictions to α, β, σ, and γ were used to established short-term interest rate models. Merton was the first to propose a relatively simple single-factor equilibrium model in 1973, his model is equipped with a stochastic drift component and a diffusion component of risk-free short-term interest rate, to calculate pricing for discount bonds; accordingly his work eventually won him the Nobel Memorial Prize in economic science in 1997. However, Merton's model (1973) suffered from the limitations that interest rate can be negative and that the mean reversion characteristic of market interest rate is violated when the value of μ is zero.
The second model is the famous geometric Brownian motion (GBM) model developed by Black and Scholes in 1973: It assumes that interest rate is log-normally distributed and follows geometric Brownian movement, the model is best known and is the most widely used option pricing model in financial markets.
The third model by Cox and Ross in 1976 is the CEV model, which is also known as the constant elasticity of variance model. Having the variance of interest rate at 2γ which is independent of interest rate, it is therefore characterized as a constant elasticity of variance process.
The fourth model being developed by Vasicek in 1977 is an interest rate equation with significant mean reversion characteristic; it is in fact the Metron model (1973) if the equation (2) is restricted with β = 0; 9 Vasicek (1977) can only overcome the mean reversion concern as seen in the Metron model (1973) , but it still fails to address the assumption of non-negative interest rate by allowing short-term interest rate to be negative.
The fifth model is a single factor continuous time equilibrium model proposed by Dothan in 1978, the model calculates discount bond price by assuming stochastic short-term interest rate follows a geometric Wiener process, especially with a zero drift component indicating that interest rate is random walk by itself thus denying the growth characteristics of interest rate.
The sixth model is the term structure of interest rate model built by Brennan and Schwartz in 1979 to calculate swap pricing; it also strictly limits the interest rate to be non-negative.
The CIR VR model built by Cox, Ingersoll, and Ross (1985) is the seventh model as shown. It is also known as variable-rate term structure of interest rate model applying to variable-rate securities.
The eighth model introduced by Cox, Ingersoll, and Ross in 1985 is known as the CIR SR model. It is the famous term structure of interest rate model being developed from the general equilibrium models basing on the platform of continuous time series; the model assumes short-term interest rate follows a square root process which leads to only positive interest rate; it overcomes the Vasicek's concern (1977) on negative rate, while maintaining the property of mean reversion.
The ninth model is proposed by Chan, Karolyi, Longstaff, and Sanders (1992) , known as CKLS model, with no restrictions on estimation of α, β, σ, and γ.
Table 1 Dynamic Interest Rate Term Structure Models of Different Era, and Their Corresponding Restrictions on Parameters
Model α β σ γ 1. Merton (1973) NR 0 NR 0 2. Black and Scholes (1973) , GBM 0 NR NR 1 3. Cox and Ross (1976) , CEV 0 NR NR NR 4. Vasicek (1977) NR NR NR 0 5. Dothan (1978) 0 0 NR 1 6. Brennan-Schwartz (1979) NR NR NR 1 7. Cox, Ingersoll, and Ross (1985) , CIR VR 0 0 NR 1.5 8. Cox, Ingersoll, and Ross (1985) , CIR SR NR NR NR 0.5 9. Chan et al. (1992) NR NR NR NR
Past research (Chan et al., 1992; Nowman, 1997) indicated that sensitivity of short-term interest rate volatility to short-term interest rate level was having coefficient γ equaled 1.50 and 1.36 respectively. The value of γ > 1 is interpreted as the volatility is over-sensitive to the short-term interest rate level. Tse (1995) , Dahlquist (1996) , Hiraki and Takezawa (1997) , Manus and Watt (1999) , and Corradi and Swanson (2011) estimated different short-term interest rate models under the CKLS framework, using data of different countries and their results indicated that sensitivity of short-term interest rate volatility to short-term interest rate level is having coefficient γ ranging from 0.21 to 0.72. The value of γ < 1 is interpreted as low sensitivity of volatility to the short-term interest rate level. Nowman (1998) , Manus and Watt (1999) , and Duong and Swanson (2011) estimated short-term interest rate models under the CKLS framework to examine over 10 countries and their results indicated that sensitivity of short-term interest rate volatility to short-term interest rate level is having HONG KONG INTER-BANK OFFERED RATES (HIBOR) 10 coefficient γ ranging from 0.1 to 2.8, both γ < 1 and γ > 1 appeared statistically significant at 5% level in different regions, meaning that the sensitivity can exist from low to high level.
However, it is noted that some financial crises or extreme policies impacted the interest rate volatility, for example, Bliss and Smith (1994) discovered that the relationship between volatility of short rate and short-term interest rate level depended upon whether the interest rate data included the wall street stock market crash period during Oct. 1987; the volatility was low if these data were excluded, but volatility is high when these data were included. Cai and Swanson (2011) also found similar results on the European short-term interest rate. Therefore, inclusion of interest rate during financial crisis might cause inaccurate coefficient estimations and incorrect statistical significance in the term structure model.
Methodology
To measure the sensitivity of short-term interest rate volatility to short-term interest rate level, the maximum likelihood estimation (MLE) by Nowman (1997) is adopted and the estimation function is
where n is the number of data sample. The 1-month, 3-month, 6-month, 9-month, and 12-month HIBOR were sourced from datastream of Thomson Reuter. Data are daily closing rates for the period from 3rd Jan., 2005 to 22nd Feb., 2012. In this research, there are a total of 1,863 data samples. For comparison, different restrictions to α, β, σ, and γ are applied based on models by previous work to establish different interest rate term structure models as stated in Table 2 . Due to the non-satisfactory results obtained from the full period analysis, it is decided to split the time period into two sections. The first period is from 3rd Jan., 2005 to 31st Dec., 2007 and the second period covers 1st Jan., 2008 to 22nd Feb., 2012. Table 3 shows empirical test results for the first time period of 3rd Jan., 2005 to 31st Dec., 2007, covering interest rate dynamic model one to nine. Table 3 shows empirical test results for the second time period of 1st Jan., 2008 to 31st Dec., 2007, covering interest rate dynamic model one to nine. 
Results and Conclusions
The inadequacy of the non-satisfactory results obtained from the full period analysis for the period from 1st Jan., 2005 to 22nd Feb., 2012 is due to the following reasons.
As shown in Figure 1 for the period from 2005 to early 2007, the economy of Hong Kong had been relatively stable with pretty low volatilities in interest rate, thus the value of γ > -1 for all interest rate terms indicating that volatility of interest rate is not sensitive to the level of interest rate, this is consistent with the facts. However, starting from 2008 to beginning of 2012, the Hong Kong and the world economies had been steering from relatively stable to fluctuations, the 2008 financial tsunami initiated by the U.S. had been causing financial instability globally. With the U.S. government taking quantitative easing monetary policy, interest rates in U.S. and Hong Kong fluctuated rapidly from 2008 to beginning of 2012. In short, during the period of early 2008 to early 2012, the value of γ > 1 indicates that volatility of short-term interest rate was extremely sensitive. Obviously the term structure of interest rate for these two periods had made major shift, combining the two periods which would lead to unfavorable econometric results. In Table 2 , the values of β in all nine models are negative (for 1-, 3-, 6-, 9-, and 12-month) and values of α are positive (for 1-, 3-, 6-, 9-, and 12-month), therefore interest rates have mean-reverting nature (for 1-, 3-, 6-, 9-, and 12-month). All parameter vectors (α and β) are significant, all of them can pass the 5% significant level. Having γ > -1, it reveals that volatilities of short-term interest rate are not sensitive to interest rate levels, while σ does not equal to zero and σ > 0. It is favorable that parameter vectors (γ and σ) are significant and all of them can pass the 5% significant level. The result of model nine (Chan et al., 1992) gives the maximum MLE value: Its effect is more significant than other models.
In Table 3 , the values of β in all nine models are negative (for 1-, 3-, 6-, 9-, and 12-month), and values of α are positive (for 1-, 3-, 6-, 9-, and 12-month), therefore, interest rates have mean-reverting nature. All parameter vectors (α and β) are significant and all of them can pass the 5% significant level. Having γ > 1, it reveals that volatilities of short-term interest rate are over-sensitive to interest rate levels, while σ does not equal to zero and σ > 0. It is favorable that parameter vectors (γ and σ) are significant and all of them can pass the 5% significant level. Again, the result of model nine (Chan et al., 1992) gives the maximum MLE value: Its effect is more significant than other models.
